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The objective of this study was to identify genomic regions divergently selected in the
cutting line of Quarter Horses in relation to the racing line using SNP genotyping arrays
and the relative extended haplotype homozygosity (REHH) test, an extension of EHH
analysis, and the fixation index (FST) as statistical methods. A total of 188 horses of both
sexes, born between 1985 and 2009 and registered with the Brazilian Association of
Quarter Horse Breeders (ABQM), were used. Of these, 68 horses were from the cutting line
and 120 from the racing line. On the basis of 36 genomic regions classified as selection
signatures by the two statistical methods, functional annotation of genes was performed
in order to identify those that might have been important during formation of the cutting
line. Forty-five genes were found to be involved in biological processes related to the
muscle, skeletal, cardiovascular, respiratory and nervous systems, neurotransmission,
muscle energy metabolism, motor activity, vision, hearing, and cognitive function. The
genes related to the last four processes are particularly interesting because these genes
together may be involved in cow sense or cutting ability.
& 2015 Elsevier B.V. All rights reserved.1. Introduction
The Quarter Horse is one of the most versatile horses in
the world. Today, the American Quarter Horse Association
(AQHA) has registered more than 5 million horses in 75
countries (ABQM, 2012). In Brazil, about 358,000 Quarter
Horses are registered with the Brazilian Association of
Quarter Horse Breeders (ABQM), which have a significant
impact on national agribusiness (ABQM, 2012). Quarter
Horses have developed into different lines as a result of
different selection objectives (Evans, 1996), including cutting
and racing lines. The cutting line is destined for functional
tests, exploring skills such as agility, obedience and cowx: þ55 14 38117187.
i).sense, characteristics that are important for cattle manage-
ment in the field. The racing line is characterized by its great
sprinting speed over short distances on flat tracks.
Recent technological advances in the area of molecular
genetics have culminated in the development of so-called
high-density single nucleotide polymorphism (SNP) geno-
typing chips, which permit analysis of the genetic structure
of different populations of various domestic animal species
(Edea et al., 2013; Petersen et al., 2014), estimation of the
degree of genetic diversity between populations (McCue
et al., 2012; Petersen et al., 2013) and, recently, the identifica-
tion and localization of genomic regions undergoing positive
selection (Akey et al., 2010; Stella et al., 2010; Qanbari et al.,
2011). There are two basic methods used to identify changes
caused by positive selection across the genome: extended
haplotype homozygosity (EHH) statistic (Sabeti et al., 2002),
which is used to identify these regions within populations,
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2002; Wright, 1951), which is used to identify regions under
selection considering multiple populations (Simianer et al.,
2010). The basic concept of the EHH test proposed by Sabeti
et al. (2002) is that the frequency of a new mutation under
positive selection pressure will increase rapidly, carrying
with it neighboring alleles in linkage disequilibrium (LD),
an event known as selective sweep (Maynard Smith and
Haigh, 1974). Since selection carries an allele in a specific
high-frequency haplotype faster than an allele broken up by
recombination, high-frequency haplotypes will be longer
than expected under neutral evolution (Simianer et al.,
2010). In this respect, long haplotypes showing an elevated
frequency and homozygosity may indicate regions of the
genome that have been selected recently. FST statistic mea-
sures the relationship between pairs of alleles of polymorph-
isms within a subpopulation relative to the total population
(Cockerham, 1969; Weir and Hill, 2002; Wright, 1951) and
can be interpreted as a measure of dispersion of allele
frequencies among groups relative to the variation expected
in the population from which these groups derived.
The objective of the present study was to identify genomic
regions divergently selected in cutting line of Quarter Horses
in relation to racing line using high-density SNP genotyping
arrays and the relative extended haplotype homozygosity
(REHH) test, an extension of EHH analysis, and FST as statistical
methods. These genomic regions were then used for gene
annotation in order to identify those that might have been
important during formation of the cutting line and that could
be used in the future for the development of tools to select
the best animals.
2. Materials and methods
2.1. Animals
A total of 188 Quarter Horses of both sexes, born between
1995 and 2009, raised in the State of São Paulo, Brazil, and
registered with ABQM, were used. Of these, 68 horses were
from the cutting line and 120 from the racing line. Animals
of the cutting line (26 males and 42 females) were progeny
of 44 stallions and 64 mares corresponding to an average of
1.5 offspring/stallion and 1.06 offspring/mare. These animals
belonged to 42 breeders and were raised on three farms in
the State of São Paulo. Animals of the racing line (18 males
and 102 females) were progeny of 48 stallions and 107
mares, corresponding to an average of 2.5 offspring/stallion
and 1.1 offspring/mare. These animals belonged to 57 bree-
ders and were raised on five farms in the State of São Paulo.
The presence of full siblings in the two lines was avoided. All
animal procedures were conducted in accordance with the
Brazilian legislation on animal well-being.
2.2. Genotyping of SNPs
Genomic DNA was extracted from blood samples of
Quarter Horses using the Illustra Blood GenomicPrep Mini
Spin kit (GE Healthcare, USA) according to manufacturer
instructions. DNA integrity was analyzed on 0.8% agarose gel
and DNA was quantified in a NanoDrop ND-2000 spectro-
photometer (Thermo Scientific, USA). The DNA concentrationin the samples was adjusted to 40–60 ng/mL. SNPs were
genotyped with the Equine SNP50 BeadChip (Illumina, Inc.,
USA) using the HiScan system (Illumina, Inc., USA) at the
Faculty of Agricultural and Veterinary Sciences, UNESP,
Jaboticabal, São Paulo, Brazil.
2.3. Quality control of genotype data
Quality control of genotype data was performed for
individuals and SNPs using the Genome Studio 2011.1
program (Illumina, Inc., USA). For individuals, the call rate,
heterozygosity and gender label were determined. Animals
with a call rate o0.95, heterozygosity with 73 standard
deviations of the mean, and gender-labeling errors were
excluded from the sample. In addition, concordance of four
replicates and concordance of kinship relations (allele shar-
ing) between four stallion/offspring pairs and three stallion/
mare/offspring sets were evaluated.
For quality control filtering of SNPs considering all indivi-
duals and each line, markers located on the X chromosome
and those with low genotyping quality (cluster separation
o0.3), a call frequency o0.9, minor allele frequency (MAF)
o0.05 (including fixed alleles), and a P-value o1103 for
Hardy–Weinberg equilibrium were excluded.
2.4. Analysis within the cutting line
EHH can be defined as the probability that two randomly
chosen core haplotypes are homozygous for the entire
interval from the core region to a certain locus (Sabeti et al.,
2002). However, since recombination rates can vary substan-
tially across different regions of the genome, a higher EHH
value may be obtained due to low recombination rates in a
certain region and not necessarily because of recent positive
selection. In this respect, relative extended haplotype homo-
zygosity (REHH) statistic corrects the EHH value observed in a
core haplotype for the average level of EHH values of all
significant core haplotypes on the same chromosome.
After the process of SNP filtering, only the dataset of the
cutting line was used for the EHH test. The FastPHASE
software with a standard parameter configuration was used
to reconstruct haplotypes and to infer the linkage phases of
SNPs on each chromosome. This software implements
methods to estimate missing genotypes and to reconstruct
haplotypes based on SNP data from unrelated individuals
using a cluster-based model for haplotypes (Scheet and
Stephens, 2006). The Sweep 1.1 program (Sabeti et al.,
2002), which implements REHH statistic, was used to detect
putative selection signatures in the genome of the cutting
line. First, core regions were identified using the algorithm
suggested by Gabriel et al. (2002), which defines a pair of
SNPs to be in strong LD if the upper 95% confidence limit of
D0 is between 0.98 and 0.7. According to Qanbari et al. (2010),
core regions are defined as regions of interest in the genome
characterized by strong LD between SNPs and that involve a
set of core haplotypes. It was decided that core regions
should have a minimum of 3 SNPs and a maximum of 20.
The EHH test was applied at a distance of about 1 Mb on
both sides from the core region. To determine the significance
of REHH values, i.e., EHH values corrected for each chromo-
some, the Sweep 1.1 program divided the haplotypes into 20
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with other equally frequent haplotypes. The REHH values
were log-transformed ( log10) so that they presented a near-
normal frequency distribution. Next, probability distributions,
means, standard deviations and P-values were obtained and
also transformed to  log10 (P). Core haplotypes with extreme
P-values in the distribution, i.e.,  log10 (P) higher than 2
(Po0.01), were considered to be significant. However, accord-
ing to Glick et al. (2012), REHH can only serve as evidence of
recent selection for haplotypes present at relatively high
frequency in the population. Therefore, only core haplotypes
with a frequency Z0.25 were considered to be significant.
2.5. Analysis between the racing and cutting lines
The parameter θ¼FST was estimated for the final set of
SNPs that passed quality control (considering all individuals)
using the Bayesian method proposed by Gianola et al. (2010).
This method is a two-step procedure which eventually leads
to clusters of θ values. In the first step, a simple Bayesian
structure is used to draw samples from the posterior
distribution of θ-parameters without constructing Markov
chains. This step uses Jeffreys rule (Bernardo and Smith,
1994) to assign a weakly informative prior of the beta
distribution (1/2,1/2) to allele frequencies and does not make
assumptions about evolutionary models. The second step of
the procedure consists of clustering a set of posterior mean
estimates of θ¼FST values from multi-locus analysis into
data-driven groups, considering that θ values derived from
the same distribution or from different distributions result-
ing from heterogeneity of the adjacent stochastic processes.
The cluster structure was given by mounting a sequence
of finite mixture models of posterior means of θ¼FST values
for each locus, clustering loci according to their similarity in
θ values. The models were compared using Akaike’s infor-
mation criterion (AIC) (Akaike, 1974), which is a measure of
the relative quality of a statistical model for a given set of
data and those with lower AIC values were preferred. The
parameters of the model were estimated by the maximum
likelihood method using the expectation-maximization algo-
rithm implemented in the FlexMix package (Leisch, 2004) of
the R project. If the values of θ arise from different evolu-
tionary or artificial processes, one will expect to observe a
mixture of distributions leading to clusters that are repre-
sentative of the types of mechanisms operating. It is possible
that there are several clusters harboring SNPs that undergo
different selection processes. For each SNP of each cluster,
the conditional probability of θ belonging to this cluster was
calculated. SNPs of clusters with higher θ values and with a
higher probability of belonging to this cluster probably
reflect selection signatures. In this respect, SNPs with high
θ values and with a conditional probability of belonging to
the cluster 495% were defined as selection signatures.
2.6. Gene annotation
For the annotation of genes in genomic regions diver-
gently selected in cutting line of Quarter Horses in relation
to racing line, core regions containing significant haplo-
types (i.e., regions with significant REHH values at Po0.01
and with a haplotype frequency Z0.25) and extending1 Mb on both sides, which coincided with loci (SNPs)
belonging to clusters with high θ¼FST values and with a
conditional probability of belonging to this cluster Z95%,
were considered. The latest version of the horse genome
assembly (EquCab2.0: NCBI, 2013) was used to identify
genes corresponding to the genome regions containing
selection signatures according to REHH and FST statistics
and the criteria employed. The Map Viewer tool (NCBI,
2013) was used for this purpose. A second list that
contained only genes with known function was generated
from the list of genes identified. These genes were anno-
tated regarding the biological processes in which they
participated using the NCBI and Gene Ontology databases
for Homo sapiens. Genes whose protein products are likely
to play a role in biological processes related to important
traits in the Quarter Horse cutting line were highlighted.
3. Results and discussion
3.1. Animals and SNPs used for the analysis
Due to the removal of the market of the 50 k equine chip
by the Illumina in early 2011 and also by the cost of
genotyping, the number of animals in this study was scarse.
A similar sample size used in the present study without the
presence of very close related animals could reduce the
incidence of false positives. However, it is also necessary to
draw attention to the difficulty of obtaining an ideal horse
sample for this kind of study in Brazil, where few animals are
massively used as reproducers. According to Langrois (2009,
Opportunities and limits for use of Equine SNP50 Beadchhips,
lecture of the Annual Meeting of EAAP, Barcelona, Spain, 8th
Communication of Session 19), sixty four of the cutting line is
sufficient for the FST approach, but is very low for the EHH.
The first one is indeed based on the estimation of allele
frequency and 264¼128 allows a precision of these
frequency nearby 1%, which is satisfatory. At the opposite
the EHH or REHH approach are indirectly based on detection
of linkage desequilibrium. Six hundred individuals should be
necessary for having an equivalent precision whatever the
markers. However for markers having MAF approching 0.5
these requirements can dramatically be diminished.
Four animals of the cutting line were excluded from the
whole sample because of a call rate o0.95 (95%). The
remaining 184 samples (64 from the cutting line and 120
from the racing line) had a mean call rate of 0.99370.005
(range: 0.950 to 0.998). The average heterozygosity estimated
for all individuals was 0.34770.015 (range: 0.305 to 0.379).
Thus, none of the animals was excluded due to heterozygosity
73 standard deviations of themean (0.302 to 0.391). Similarly,
none of the individuals was excluded due to presenting a
gender different from the expected. Agreement between
samples genotyped in duplicate was ideal or more than ideal
(99.8%), with results ranging from 0.998 to 0.999. In addition,
agreement of kinship relations between stallion/offspring and
stallion/mare/offspring pairs was high (0.998 to 0.999).
With respect to the 64 cutting animals that passed the
quality control filter, 13,370 SNPs were excluded during the
filtering process and 41,232 remained for genetic analysis of
the cutting line (REHH). Considering all individuals passing
the quality control filter (184 animals), 12,544 SNPs were
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genetic analysis of the two lines (FST). The number of
informative SNPs in the cutting animals and in the whole
population were lower than 47,699 that was also found in
Quarter Horses by McCue et al. (2012). This divergence of
results is most likely due to different criteria adopted in the
filtering process of the genotyped SNPs used in their research,
particularly the exclusion of polymorphisms with MAFo0.01.
3.2. REHH analysis within the cutting line
REHH analysis provides valuable results by identifying
selection signatures and has been used in several studies
reported in the literature (Flori et al., 2009; Hayes et al.,
2008; Kaupe et al., 2004; MacEachern et al., 2009; Qanbari
et al., 2011; Stella et al., 2010).
A total of 5453 core regions comprising 726,943 kb, corre-
sponding to 32% of the genome, were established. The esti-
mated mean core region length was 130.7387124.515 kb,
with a maximum length of 1341 kb on chromosome 5. There
were 420 core regions on chromosome 1, comprising
59,823 kb, and 58 core regions on chromosome 12, comprising
7085 kb. These were the largest and smallest haplotype
structures in the genome, respectively. Considering the 31
chromosomes, 24,596 SNPs participated in the formation of
core regions, with aminimum of 9 SNPs and amaximumof 20.05 0 100 150
0.0
0.5
1.0
1.5
2.0
2.5 ECA 1 
02 06 0 100
ECA 2 
02 06
E
02 04 06 08 0
0.0
0.5
1.0
1.5
2.0
2.5 ECA 6 
02 04 06 08 0
ECA 7 
02 04
E
01 03 05 0
0.0
0.5
1.0
1.5
2.0
2.5 ECA 11
05 10 20 30
ECA 12
01 02
E
02 04 06 08 0
0.0
0.5
1.0
1.5
2.0
2.5 ECA 16
02 04 06 08 0
ECA 17
02 04
E
01 03 05 0
0.0
0.5
1.0
1.5
2.0
2.5 ECA 21
01 02 03 04 05 0
ECA 22
01 03
E
01 02 03 04 0
0.0
0.5
1.0
1.5
2.0
2.5 ECA 26
01 02 03 04 0
ECA 27
01 02
E
05 10 15 20 25
0.0
0.5
1.0
1.5
2.0
2.5 ECA 31
−
Lo
g 1
0(
P
−v
al
ue
)
Chromo
Fig. 1. Map of putative selection signatures in the genome of cutting Quarter H
lines indicate Po0.01.On the basis of a total number of 5453 core regions
formed, 38,562 EHH tests were performed, with an aver-
age of 7.07 tests per core region. Among 14,308 EHH tests
of core haplotypes with a frequency Z0.25, 100 regions
presented outliers assuming a significance of 0.01, indicat-
ing genomic regions that could be under recent selection.
The largest number of these regions was observed on
chromosomes 1 and 21 (n¼7) and on chromosomes 4, 7,
10 and 15 (n¼6). In contrast, no important regions were
detected on chromosome 12 when Po0.01.
To better visualize the distribution of selection signa-
tures across the genome, the position of the haplotype on
the chromosome was plotted against transformed P-values
( log10) of REHH analysis (Fig. 1). The distribution was
not uniform across the genome, but selection signatures
were identified on all chromosomes. This finding is con-
sistent with the hypothesis that traits under selection are
complex and are controlled by different regions of the
genome. It is important to note that some of the putative
signatures of selection could be due to drift instead.
3.3. FST analysis between the cutting and racing lines
The measure of genetic differentiation, FST, was obtained
based on the analysis of distribution at the level of the
genome. According to Gilad et al. (2002) and Hamblin et al.0 100
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orses. Only haplotypes with a frequency 425% were considered. Dashed
Table 1
Number of SNPs identified by FST analysis with probabilities of 50 to
100%, Z95% and 100% of belonging to cluster 4, clustered according to
their similarity in θ values.
Chr. No. of SNPs
(probability of 50–
100%)
No. of SNPs
(probability
Z95%)
No. of SNPs
(probability of
100%)
1 343 203 49
2 85 31 3
3 63 29 5
4 144 91 22
5 141 78 18
6 82 40 8
7 120 53 9
8 93 55 11
9 79 38 7
10 222 133 35
11 102 48 3
12 26 9 3
13 35 19 2
14 113 58 13
15 45 22 2
16 52 24 3
17 71 27 5
18 110 55 8
19 41 16 1
20 46 24 4
21 91 40 11
22 114 64 12
23 33 13 0
24 46 15 1
25 74 45 15
26 38 26 6
27 20 8 0
28 63 28 1
29 13 4 2
30 45 33 12
31 8 4 0
Total 2558 1333 271
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of selection signatures in natural or selected populations.
The mean value of the θ¼FST parameter (7 standard
deviation) estimated for 42,058 informative SNPs consid-
ering the two lines was 0.034270.0403 (range: 0.0025 to
0.3556). The global FST value obtained by Petersen et al.
(2014), who used genome-wide SNP data from Quarter
Horses represented by six performance groups (halter,
western pleasure, reining, working cow, cutting and
racing) to examine genetic diversity within the breed,
was 0.035. With the exception of the working cow and
cutting horses, pairwise FST values show significant popu-
lation structure among the six performance groups with
the highest divergence observed between the cutting and
racing (0.074). It is possible to speculate that this observed
difference, 0.074 versus 0.0342 (present data), is due to a
possible stronger selection in these lines of Quarter Horses
in the United States than in Brazil. Also, the samples used
by Petersen et al. (2014) were chosen to be unrelated
within each group. Finally, a founder effect of establishing
a Brazilian Quarter Horse population may have resulted in
reduced variability in both lines.
Akaike’s information criterion favored the finite mix-
ture model with seven clusters for the 42,058 loci (SNPs),
since this model with seven clusters obtained the lowest
AIC value, with the loci usually being classified as neutral
or subject to balancing selection or positive and/or nega-
tive directional selection. The highest FST values were
obtained for cluster 4 (0.1095 to 0.3556) consisting of
2558 loci presented higher θ values (large differentiation),
indicating putative selection signatures. Of these 1333 and
271 loci presented a conditional probability of belonging to
the cluster Z95% and of 100%, respectively (Table 1). The
FST values ranged from 0.1383 to 0.3556 for the 1333 loci,
and from 0.3013 to 0.3556 for the 15 largest loci found on
chromosomes 1, 2, 4, 5, 8, 9, 10, 16, 21, and 30. For the other
six clusters, the FST values ranged from 0.0025 to 0.0035
(1), 0.0225 to 0.0493 (2), 0.0493 to 0.1095 (3), 0.0106 to
0.0225 (5), 0.0054 to 0.0106 (6) and 0.0035 to 0.0054 (7).
3.4. Gene annotation in genomic regions selected
divergently in cutting line of Quarter Horses in relation to
racing line
In view of the lack of studies involving Quarter Horses,
especially animals of the cutting line, and considering
that their skills depend on the integrated action of diffe-
rent organ systems, the aim of this study was to identify
selection signatures and to screen these signatures for
positional candidate genes related to biological processes
which determine traits that are important for the develop-
ment of specific activities in this line. To identify genomic
regions selected divergently in cutting line of Quarter Horses
in relation to racing line, 100 significant core haplotypes
obtained by REHH analysis (extending 1 Mb on both sides)
that coincided with 1333 loci (SNPs) identified by FST
analysis were considered. This overlap resulted in 36 regions
distributed on chromosomes 1, 4, 6, 7, 8, 10, 11, 13, 14, 16, 17,
21, 22, 24, 25, 26, 27, 28, 30, and 31 (Table 2), which
supposedly harbor genes related to skills that are important
in the cutting line. Two different approaches were used foridentification of selection signatures as enrichment proce-
dure to correct demographic signals, with regions present-
ing significant results by the two statistical methods being
strong evidence of selection signatures (Walsh, 2010).
More than 200 years of selection differentiated the
cutting and racing lines of Quarter Horses in terms of specific
characteristics that resulted in different phenotypes related
to the function to which the animal is destined (Evans, 1996).
Animals of the cutting and racing lines can be differentiated
mainly based on physical type (Meira et al., 2013). In general,
cutting horses are shorter and more compact and have more
powerful hindquarters when compared to race horses. The
latter, in turn, are taller and have longer legs and a less
prominent musculature.
The nervous system of animals monitors and coordinates
muscle activity and organ movement, constructs and termi-
nates inputs from the senses, and initiates actions. According
to Strelau (1983), different mixtures of central nervous
system features form variable personalities and tempera-
ments. The temperament of a horse determines its success
in a specific sport discipline or in a certain type of work
(Mills, 1998), since it is the combination of adequate
temperament and physical skills that permits the formation
of a winning animal (Visser et al., 2001). Selection efforts
have resulted in the formation of breeds and lines that differ
Table 2
Genomic regions identified simultaneously by REHH and FST analysis in the cutting line of Quarter Horses, total number of genes identified in these regions,
genes with known function, and candidate genes possibly related to the performance of this line.
Chr. Regions identified by REHH and FST analysis Total number of genes identified in the region Genes with known function Highlighted genes
1 13982662–16287744 18 8 3
1 105852942–108410726 18 11 4
1 119403352–121554351 28 15 5
4 1646153–3730586 11 6 0
4 86546956–88961701 12 4 1
4 89020999–91022464 17 2 0
4 37421550–39422935 18 8 5
6 75390403–77559160 4 2 0
7 11032566–13323013 25 11 0
7 29488035–31540711 30 7 1
7 38560106–40676848 8 5 2
7 81128673–83162788 14 9 2
7 82918229–84994456 7 5 1
8 89823053–91916645 4 1 0
10 58555790–60651974 24 9 1
10 78182445–80214536 29 6 1
10 81698103–83824983 18 8 0
11 52186121–54420235 21 12 5
13 23101510–25257087 28 12 1
13 23759779–25771201 10 5 1
14 18566294–20644479 17 3 0
14 66970297–68999643 8 4 2
16 22357570–24397019 4 3 0
16 25857799–27923109 6 2 1
17 9529730–11551399 18 8 1
17 20662862–23155099 23 7 1
21 34619933–36629116 6 0 0
22 37783802–39866466 21 12 3
22 40052708–42093213 7 1 0
24 1169652–3174810 16 4 1
25 7372124–9681268 12 5 2
26 14938915–17115722 10 0 0
27 17241350–19574484 4 2 0
28 43187632–45306702 2 1 0
30 3679502–5825839 7 3 0
31 6212711–8351288 14 4 1
Total 519 205 45
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horses, are characterized by greater reactivity, whereas
coldblooded breeds such as most draft and work horses
are calmer. Quarter Horses vary widely in conformation and
temperament. Animals of the cutting type should be obedi-
ent, calm, easy to control (particularly lateral displacement),
more compact (i.e., shorter height at the withers and greater
shoulder width), and should have cow sense (Scott, 2008).
Cow sense, the ability to work cattle, can be measure by the
horse’s usefulness in rounding up cattle on the range, roping
an animal and/or cutting out or separating a selected animal
from the heard (Hintz, 1980).
Although different physical and behavioral attributes are
required for various types of competing horses, the success in
competitions also depends on the metabolic capacity of the
animal to convert chemical into mechanical energy. Compo-
nents of these energy processes include the rate, efficiency and
interaction of aerobic and anaerobic metabolism in muscles
and the supply of glucose and oxygen by the cardiovascular
and respiratory systems. According to Freeman (2013), horses
perform different types of exercise, ranging from predomi-
nantly aerobic to predominantly anaerobic exercise. Arena
exercises such as cutting and reining, disciplines performedby cutting Quarter Horses, intercalate short anaerobic exercise
bouts with longer periods of aerobic activity. Races of Quarter
Horse are mainly anaerobic.
Considering the regions identified simultaneously by the
two methods, annotations were made that resulted in the
identification of 519 genes, 205 of them with known function.
Forty-five genes were found to be involved in biological
processes related to muscle energy metabolism, neurotrans-
mission, motor activity, vision, hearing, cognitive function, and
the muscle, skeletal, cardiovascular, respiratory and nervous
systems (Tables 3 and 4). It should be emphasized that the
same consistency in the process of identification of genomic
regions selected in the cutting line of Quarter Horse in relation
to the racing line does not occur in the annotation of candidate
genes related to their differences, since it is speculative
prospecting based on physiology. Despite this, in an attempt
to validate some of the putative regions of selection, analysis of
case-control association using the Genetics package (Warnes,
2012) of the R project were used to compare the allele
frequencies of SNPs within the sequence of some candidate
genes. The genes CHSY1, COL1A2, SGCE, PTH and BMP4 were
pointed to be related to morphological differences (skeletal or
muscle system—Tables 3 and 4) occurring between the cutting
Table 3
Genes related to biological processes of the muscle, skeletal, cardiovascular, respiratory and nervous systems, motor activity, vision, hearing, cognitive
function and muscle energy metabolism, located on chromosomes 1, 4 and 7 close to selection signatures in the genome of cutting Quarter Horses, and the
number of SNPs identified in these genes.
Gene Chromosome Position (bp) Biological process SNPsn
SLC18A2 1 14932045…14966719 Muscle energy metabolism, neurotransmission, motor activity 4
ENO4 1 15270780…15295862 Muscle energy metabolism 29
ATRNL1 1 16112000…16849091 Muscle energy metabolism, respiratory system, behavior 148
ALDH1A3 1 106035802…106071061 Vision, facial development 1
CHSY1 1 106296983…106368248 Muscle energy metabolism, skeletal system 14
PCSK6 1 106430693…106561014 Nervous system development, body symmetry 39
TRPM1 1 108196684…108300518 Visual perception 13
NPTN 1 119901817…119972398 Nervous system development, behavior 18
BBS4 1 120712712…120774697 Nervous system development, behavior, motor activity, auditory perception 2
HEXA 1 120969386…120993746 Auditory perception, nervous system, motor activity 5
PKM2 1 121089527…121116345 Muscle energy metabolism 0
MYO9A 1 121236684…121475426 Visual perception, motor activity 14
PLXNA4 4 86335276…86693923 Nervous system development 176
COL1A2 4 37977963…38013850 Skeletal system 4
SGCE 4 38161314…38228239 Muscle system, motor activity, cognitive function 1
PPP1R9A 4 38360475…38666865 Nervous system development, synaptic transmission 40
PDK4 4 38965071…38975327 Muscle energy metabolism 5
SLC25A13 4 39417697…39585284 Muscle energy metabolism 106
BSX 7 30186324…30190061 Motor activity, cognitive function 3
APLP2 7 38596775…38634442 Nervous system development, motor activity, spatial learning, synaptic plasticity 22
NTM 7 40226037…40610559 Nervous system development 38
TEAD1 7 81601510…81765984 Vision 23
PTH 7 82252928…82255142 Muscle energy metabolism, skeletal system 0
PDE3B 7 83181012…83364177 Muscle energy metabolism, cardiovascular system 27
n Source: NCBI (2013).
Table 4
Genes related to biological processes of the muscle, skeletal, cardiovascular, respiratory and nervous systems, motor activity, vision, hearing, cognitive
function and muscle energy metabolism, located on chromosomes 10, 11, 13, 14, 16, 17, 22, 24, 25 and 31 close to selection signatures in the genome of
cutting Quarter Horses, and the number of SNPs identified in these genes.
Gene Chromosome Position (bp) Biological process SNPsn
FIG4 10 59365115…59480950 Nervous system development, motor activity 98
EYA4 10 79540734…79613388 Visual perception, auditory perception 5
GAS7 11 52512007…52593442 Nervous system development 72
MYH13 11 52722115…52842701 Muscle contraction, reflex and voluntary eye movement 28
MYH8 11 52864805…52891800 Muscle contraction 31
MYH1 11 52973970…52998897 Motor activity 1
MYH2 11 53001789…53027479 Muscle contraction, response to activity 6
OTOA 13 24671087…24737424 Auditory perception 63
EEF2K 13 25616499…25658398 Muscle energy metabolism 3
PAM 14 67200169…67348050 Nervous system development, cardiovascular system, limb development 22
ST8SIA4 14 68852965…68942786 Nervous system development 51
FEZF2 16 26692920…26696781 Nervous system development, motor activity 2
HMGB1 17 9783952…9788942 Vision, respiratory system, nervous system development 4
CAB39L 17 21745684…21817545 Muscle energy metabolism 14
PTPN1 22 38418762…38602458 Muscle energy metabolism 134
KCNG1 22 38921079…38926986 Neurotransmission 14
SALL4 22 39550030…39566556 Vision, limb development 5
BMP4 24 2378786…2385792 Respiratory system, cardiovascular system, skeletal system 1
ALDOB 25 7767982…7776978 Muscle energy metabolism 8
GRIN3A 25 7908402…8054143 Nervous system development, neurotransmission 199
RPS6KA2 31 7099023…7282593 Cardiovascular system, synaptic transmission 150
n Source: NCBI (2013).
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(2013). Three of these genes presented SNPs of the Equine
SNP50 BeadChip in their sequences (CHSY1, COL1A2 and BMP4)
and two of them presented SNPs with different allele frequen-
cies between the lines (CHSY1—Po0.05 and BMP4—Po0.1,
P-values were corrected by the Bonferroni test).The genes related to motor activity and response to
activity (SLC18A2, BBS4, HEXA, MYO94, SGCE, BSX, APLP2,
FIG4, MYH1, MYH2, and FEZF2), vision and visual perception
(ALDH1A3,MYO94, TEAD1, EYA4,MYH13, HMGB1, and SALL4),
hearing and auditory perception (HEXA, EYA4, and OTO4),
and cognitive function and learning (SGCE, BSX, and APLP2)
N.A.R. Beltrán et al. / Livestock Science 174 (2015) 1–98are particularly interesting since these genes together may
be related to cow sense or cutting ability. Throughout the
history of the cattle industry in North America, there has
always been an interest in producing horses with superior
cow sense (Ellersieck et al., 1985). Cow sense, or the ability
to work cattle, can be measured as the ability of the horse to
round up cattle and to separate a selected animal from the
herd (Hintz, 1980) with little assistance from the rider
(Ellersieck et al., 1985). It is believed that a horse must have
the ability to sense and anticipate an animal’s movements to
be a good cutting horse (Wagoner, 1978). However, this trait
is difficult to measure. Each horse is judged for 2.5 min and,
during this period, usually separates two or three calves
from the herd. The cutting score received in competitions is
a possible measure of performance, but the range in scores
is small. As a consequence, the variability among animals is
low, a fact that may explain the scarcity of genetic research
on cow sense (Hintz, 1980). In addition, it is difficult to
obtain data for a large number of animals (Ellersieck et al.,
1985). Kieffer (1968) estimated a heritability for cutting
ability of 0.04 by analysis of 92 half-sibs, progeny of 34
sires. On the other hand, Lasley (1976) suggested that,
without support of published data, the heritability for cow
sense should range from moderate to high. According to
Hintz (1980), these results clearly indicate that genetic
aspects of cow sense have not been studied sufficiently to
include it in selection programs. In a more consistent study
of 3399 horses, progeny of 327 sires, Ellersieck et al. (1985)
estimated a heritability for cutting ability of 0.1970.05.
Since the efficiency of traditional selection methods is
limited in the case of traits of low heritability that are difficult
to measure and that are not expressed or are expressed late
in the individual, molecular tools can make an important
contribution to the genetic improvement of these traits.
Polymorphisms, including SNPs, in the genes highlighted in
this study (Tables 3 and 4) can be determinants of variations
in the qualitative and quantitative expression of these genes
and, consequently, of variations in traits that are important in
the cutting line of Quarter Horses. These markers mapped in
genes located in selection signatures can be used in future
association studies of cutting Quarter Horses designed to
develop tools that increase selection efficiency. In such
studies, SNPs responsible for amino acid changes in the poly-
peptide chain, which are located in regulatory regions and
microRNA-binding sites or are related to other functional
modifications, should be prioritized.4. Conclusions
The use of high-density SNP genotyping arrays and REHH
and FST statistics led to the identification of regions in the
horse genome that were divergently selected in cutting line
of Quarter Horses in relation to racing line. Gene annotation
in the putative selection signatures detected by the two
statistical methods permitted for the first time to identify
genes that might have been important during the formation
of the cutting line, including those related to cow sense.
These genes located in selection signatures could be used in
association studies of cutting Quarter Horses to develop
tools for the elaboration of genetic breeding programs.Conﬂict of interest
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